(from the sarcoplasmic reticulum, SR) to effect contraction. There is, however, considerable variation across mammalian species in the relative dependence on intra-and extracellular Ca 2ϩ to activate contraction. This variation is particularly apparent with respect to the rat and guinea pig (32) . We consider that it reflects a species difference in Gibbs free energy of the sarcolemmal Na ϩ /Ca 2ϩ exchanger (⌬G Na/Ca ).
The sarcolemmal Na ϩ /Ca 2ϩ exchanger is a membrane-bound molecule that reversibly exchanges Na ϩ and Ca 2ϩ across the cardiac cell membrane (for a recent review, see Ref. 6) . During the interval between beats, the exchanger utilizes the free energy offered by the large transsarcolemmal Na ϩ gradient to extrude intracellular Ca 2ϩ , thereby promoting its return to normal diastolic values (3) . There is considerable evidence to suggest that this Ca 2ϩ -buffering role of the exchanger is enhanced in guinea pig vis-à -vis rat myocardium. Thus, in response to activation of voltagegated Ca 2ϩ channels, Na ϩ -Ca 2ϩ exchange current is fivefold greater in guinea pig than in rat myocytes (39) . Caffeine-induced release of Ca 2ϩ from the SR fails to elicit a mechanical contracture in guinea pig papillary muscle unless the "forward" activity of the exchanger (i.e., Na ϩ o -induced Ca 2ϩ efflux) is impeded (21) . Contrariwise, postcaffeine repletion of SR Ca 2ϩ content and the accompanying recovery of twitch force are rapid in myocytes of rat, whereas both are slow in the guinea pig (29) . These representative electrophysiological and mechanical results are supported by findings from several metabolic studies.
The metabolic rate of the arrested guinea pig heart, relative to that of the rat, is insensitive to interventions designed to increase the flux of Ca 2ϩ into the myoplasm. This obtains whether the source of Ca 2ϩ is intracellular (i.e., from the SR) or extracellular. Specifically, the resting or basal metabolism of guinea pig myocardium is not affected by caffeine-induced release of Ca 2ϩ from the SR (12, 14) , in contrast to that of rat myocardium (12) . Likewise, K ϩ depolarization-induced influx of Ca 2ϩ through L-type Ca 2ϩ channels has no effect on the resting cardiac metabolism of the guinea pig, even if extracellular K ϩ concentration ([K ϩ ] o ) is elevated to 40 mM (14) , whereas any increment of K ϩ above its normal value (4-6 mM) elevates the resting rate of oxygen consumption (VO 2 ) of rat cardiac myocytes to some new value (11) .
Hence both mechanical and metabolic responses to agents that release Ca 2ϩ from the sarcoplasmic reticulum appear to be blunted in the guinea pig vis-à -vis the rat. We previously argued (14) that this is because Ca 2ϩ arising from either intra-or extracellular sources is rapidly extruded from guinea pig cells via Na ϩ /Ca 2ϩ exchange. We now speculate, in accord with the hy-pothesis of Shattock and Bers (41) , that diastolic Ca 2ϩ efflux is comparatively small in the rat heart because the thermodynamic potential of its Na ϩ /Ca 2ϩ exchanger is relatively close to equilibrium. Hence we predict a difference between rat and guinea pig hearts in their suprabasal metabolic responses to lowering of [Na ϩ ] o , the sodium ion concentration of the coronary perfusate.
MATERIALS AND METHODS
Isolated perfused whole hearts. Rats and guinea pigs, weighing at least 350 g, were killed by decapitation in accordance with methods approved by the University of Auckland Animal Ethics Committee. As previously described (14) , the heart was rapidly excised and its aorta was attached to the perfusion cannula. Constant-flow Langendorff perfusion of the coronary vasculature was achieved using a roller pump adjusted to provide an initial perfusion pressure of 8-11 kPa. All atrial inlets were tied, and a catheter was inserted into the right ventricle via the pulmonary artery to drain coronary venous effluent. Timed collection of this effluent determined coronary flow, which, during the initial period of spontaneous beating, averaged 64 Ϯ 2 ml⅐ min Ϫ1 ⅐ g dry wt
Ϫ1
(n ϭ 25) and 50 Ϯ 3 ml⅐ min Ϫ1 ⅐ g dry wt Ϫ1 (n ϭ 21, means Ϯ SE) for rat and guinea pig hearts, respectively. A water-filled latex balloon, at the end of a triple-lumen catheter, was inserted via the left atrium into the left ventricle. Two lumina were open, allowing aspiration of the ventricle. The third lumen connected the balloon to a pressure transducer (Statham P23Db), enabling continuous measurement of left ventricular pressure (P LV ).
Isolated ventricular trabeculae. Trabeculae were dissected from the right ventricles of isolated hearts and mounted between a fixed support and a force transducer (AE-801, SensoNor, Horton, Norway), as previously described (15) . Preparations were loaded with the fluorescent Ca 2ϩ indicator fura 2 using its acetoxylmethyl form. One of the major factors limiting the use of fura 2 is its rapid extrusion from cells at temperatures Ͼ30°C (37) . Accordingly, in preliminary experiments we found that fura 2 was poorly retained at 37°C. To alleviate this problem, we used probenecid (1 mM), a blocker of the inorganic anion transporter, which effectively enabled retention of the indicator at body temperature.
Fluorescence experiments were performed, as previously described (15) , using a ratiometric spectrofluorometry system (Cairn Research, Faversham, Kent, UK). Preparations were alternately excited with 340-and 380-nm ultraviolet light. After subtraction of the respective autofluorescence values, the ratio of emitted fluorescence at these two wavelengths (340/380) was used as an index of intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ). Perfusion solutions. The standard solutions for both trabeculae and whole hearts was a modified Krebs-Henseleit bicarbonate buffer containing (in mM) 118 NaCl, 4. In selected experiments, arterial and venous partial pressures of oxygen (PO 2 ) were recorded continuously using PO 2 electrodes (Microelectrodes, Londonderry, NH). These were calibrated daily, using a precision pump (Wösthoff, Bochum, Germany) to provide various mixtures of pure gases (O 2 , CO 2 , and N 2 ), with due account taken of barometric pressure and the saturation vapor pressure of water. Coronary flow rate was determined using a "drip counter," in the manner described by Pegg et al. (35) , which exploits the electrical conductivity of the saline perfusate. Output from the electrodes and drip counter was passed through an analog-todigital converter to a laboratory computer running customwritten Labview software (National Instruments, Austin, TX). VO 2 was calculated as the product of coronary flow, the arteriovenous difference in PO 2 , and the solubility of oxygen in Krebs-Henseleit solution at 37°C (0.232 ml ⅐ l Ϫ1 ⅐ kPa Ϫ1 ). Figure 1 shows continuous records of VO 2 and P LV from a rat heart, recorded after arrest (Fig. 1B) and during the imme- diately preceding period of spontaneous isovolumic beating (Fig. 1A) .
At the conclusion of an experiment, the heart was trimmed of nonventricular tissue and placed in an oven at 70°C for 24 h to determine ventricular dry weight. VO 2 is expressed as micromole per minute per gram dry wt.
Statistical analyses. Results were analyzed by two-way analyses of variance for unbalanced repeated measures, with procedures available in the SAS statistical software package (SAS Institute, Cary, NC). Differences among means were tested for statistical significance (P Ͻ 0.05) using an appropriate set of contrast coefficients. Summary data are expressed as means Ϯ SE.
Curve fitting. Sigmoidal y ϭ y(x) relationships were fitted by a four-parameter version of the Hill equation
In this expression, x denotes the independent variable (either [Na ϩ ] o or Gibbs free energy), y denotes VO 2 (with values between y min and y max ), and K m is the value of x that yields the half-maximal increment of y above y min . The curve-fitting parameter n reflects yЈ K m , the slope of the relationship at K m ; explicitly, n ϭ 4 K m ⅐ yЈ K m /(y min Ϫ y max ). When n is positive, a negative sigmoid obtains and vice versa. Within the context of the present study, no physical meaning is attributed to this parameter. Data for each species were fitted according to Eq. 1 using nonlinear, weighted, curve-fitting procedures available in the SAS software package. The weighting function was given by the inverse of the standard errors of the means. Goodness of fit is reported both as r 2 (the square of the correlation coefficient) and as s y ⅐ x (the standard error of estimate or square root of the residual variance).
RESULTS
As can be seen in Fig. 1A , KCl arrest reduces the VO 2 of the heart to ϳ25% of the value observed during the preceding period of spontaneous, isovolumic contractions. This reduced rate is an index of cardiac basal metabolism. For the remainder of this study, we focus on the increase of metabolic rate, above its "basal" value, of the electrically and mechanically quiescent heart. 
Effect of reduced [Na
where R is the universal gas constant (8.31
), and T is temperature (K). The value of ␣, the diastolic permeability of the cardiac cell membrane to Na ϩ relative to that of K ϩ , is assumed to be 0.02 (42) independent of species and of [Na ϩ ] o . Its contribution to ⌬G Na/Ca is small and has been included merely for completeness.
It is our contention, based on the obligatory requirement for extracellular Ca 2ϩ (Fig. 3 ] o over which oxygen consumption remains at its "basal" value ( Fig. 2A) . We infer that forward activity of the exchanger, i.e., extracellular Na 
The desired expression for ⌬G Na-Ca in the guinea pig is thus Fig. 2A) to be transformed and replotted as the equivalent VO 2 -⌬G Na/Ca relationship. This has been done in Fig. 4A , where a value of 45 mM for [Na ϩ ] o,crit gpig was found to minimize the residual error of the line of best fit (defined by Eq. 1). Note that, in accord with the above formulation (see APPENDIX for justification), the observed VO 2 rises above its basal value as the free energy of the exchanger becomes positive.
In Fig. 4A , we also show how the VO 2 data for rat hearts would appear if their ⌬G Na/Ca coordinates were calculated using the "critical" value of [Na ϩ ] o appropriate to the guinea pig. Clearly, most of these data would lie (inappropriately) to the left of zero on the abscissa. For our proposed explanation of the species difference in metabolic response to lowered [Na ϩ ] o to be correct, there should exist a simple transformation that will right shift the rat data appropriately. Such a transformation must, of course, reflect the putative species difference in ⌬G Na/Ca . This difference, in turn, must reflect some difference in initial (i.e., preintervention) values of ionic concentrations. We proceed by defining
as the ratio of initial intracellular ion concentrations in the two species (stoichiometrically weighted according to Eq. 3). Equation 1 is then fitted to the combined data of both species, seeking that value of that minimizes the residual error of the line-of-best-fit. The result is shown in Fig. 4B , where it can be seen that, with ϭ 21, a single, species-independent VO 2 -⌬G Na/Ca relationship obtains. Because this result was achieved by horizontal displacement of one species' data with respect to that of the other (i.e., by a shift on the abscissa), it supports our proposition that the species difference observed in Fig. 2A ] of the perfusate increased from 6 to 20 mM (to simulate KCl arrest in whole heart experiments), a small increase of diastolic [Ca 2ϩ ] (i.e., of the fura 2 ratio) was observed in rat, but not in guinea pig, trabeculae. (Note the slight elevation of the "baseline" between the left-and right-hand records in Fig. 5A.) Subsequent reduction of [Na ϩ ] o accentuated this difference between the species. Even a 60% reduction of [Na ϩ ] o , to 57 mM, had no effect on [Ca 2ϩ ] i in guinea pig trabeculae (Fig. 5B) , whereas a mere 20% reduction to 115 mM caused a detectable increase in the rat (Fig.  5A) ] o relationships. Our model predicts that these will be left shifted with respect to those previously generated ( Fig. 2A) under hyperkalemic arrest. It further predicts that the extent of the left shift will be greater for rat hearts. These predictions were tested using 50 M verapamil arrest, after which hearts of both species were challenged with various levels of reduced [Na ϩ ] o and the peak rates of V O 2 measured (as in Fig. 2) .
The results are shown in Fig. 6A where, for ease of comparison, the data for 20 mM K ϩ arrest from Fig. 2A 
DISCUSSION
In the present study we documented a species difference in cardiac energetics and developed a simple thermodynamic model to explain it. Our approach capitalizes on the thermodynamic reversibility of the sarcolemmal Na (Fig. 5) stimulates the rate of resting energy expenditure (Fig. 1) (1) , none of the observed increase in metabolic rate can be attributed to the sarcolemmal Na ϩ -K ϩ -ATPase. Instead, it must reflect increased demands on sarcolemmal and SR Ca 2ϩ -ATPases, coupled with enhanced actomyosin ATPase activity of cross-bridges (i.e., increased P LV , as shown in Figs. 1-3) . Proof that these mechanical and metabolic responses reflect rising [Ca 2ϩ ] i due to reversal of the exchanger is provided in Fig. 3 . When [Na ϩ ] o is reduced in the absence of extracellular Ca 2ϩ , no increase of VO 2 or P LV is observed (Fig. 3) .
Species difference in metabolic response to reduced [Na ϩ ] o . Our results ( Fig. 2A) (Fig. 6A) , the extent of displacement was quantitatively attributable (Fig. 6B) Because all extracellular ion concentrations were identical for perfused hearts of both species, any difference in free energy of the exchanger must have arisen from a species difference of intracellular ion concentrations before low Na ϩ intervention. This putative relative difference was defined as (Eq. 6) and calculated to be 21-fold. With this value for , in conjunction with a value of 45 in rat myocardium). This prediction was amply supported by the results of fura 2 fluorescence experiments, using isolated, right ventricular trabeculae (Fig. 5) . No increase of fluorescence was observed in either species when ] o was below the critical value, a dose-dependent increase of fluorescence occurred. It is to be emphasized that this species-dependent ionic behavior was predicted from a model developed to explain a species-dependent difference in metabolic behavior.
Possible species differences in intracellular ion concentrations. The numeric value of , the stoichiometrically weighted ratio of intracellular ion concentrations in the two species (Eq. 6), warrants further consideration. We do so by defining ␦⌬G Na/Ca to be the species difference in ⌬G Na/Ca (i.e., the horizontal separation of VO 2 -⌬G Na/Ca relationships, as in Fig. 4A) . Then, by substituting Eqs. 3 and 6 into Eq. 2, it follows that ␦⌬G Na/Ca ϵ ⌬G Na/Ca gpig Ϫ ⌬G Na/Ca rat ϭ ϪRT ln (7) The numeric value of this expression is Ϫ7.84 kJ/mol (at 37°C ] i in the guinea pig heart. The former possibility would require diastolic [Ca 2ϩ ] i to be ϳ2 M, a figure more reminiscent of systolic values reported for either species and well in excess of diastolic values, which lie in the vicinity of 100 nM for the rat (7, 17, 39) and 150 nM for the guinea pig (4, 5, 39, 43) . The latter possibility may be discounted since it would require that [K ϩ ] i be nearly 3 M in diastolic guinea pig myocardium, a value that would, in turn, generate a species difference in resting membrane potential of some 80 mV.
Given (16) , who report intracellular Na ϩ activities of 7.8 and 5.1 mM for rat and guinea pig, respectively, and Lawrence and Rodrigo (25) , whose corresponding values are 8.9 and 6.4 mM. Whereas both of these differences are in the direction predicted, neither has sufficient magnitude to account for ⌬G Na/Ca as predicted by our model. Nevertheless, we speculate that a difference of [Na ϩ ] i of the order of 2.75-fold exists, and we emphasize that it is the ratio of [Na ϩ ] i values (, Eq. 6) rather than their absolute difference that is the relevant parameter. Hence, if the recently reported value of 3 mM for [Na ϩ ] i of the intact, Langendorff-perfused rat heart (30) were accepted, then that of the guinea pig would need be only ϳ1 mM, yielding an absolute difference that would tax the detection limits of even the most sophisticated techniques currently available.
Implications of a species difference in ⌬G Na/Ca . Our conclusion that a 7.84 kJ/mol difference of diastolic ⌬G Na/Ca distinguishes rat and guinea pig myocytes may explain a number of previously reported differences between these two species. Our model suggests that, in the quiescent rat heart, the difference between standard and critical [Na ϩ ] o is only ϳ10 mM. Hence Na o ϩ -dependent Ca 2ϩ efflux is expected to be minimal in that species, in line with the hypothesis of Shattock and Bers (41) . The resulting reduction in driving force for Ca 2ϩ efflux via the exchanger is consistent with 1) the slightly higher resting VO 2 of rat whole hearts shown in Fig. 2, 2 ) the high frequency of spontaneous, mechanical oscillations in unstimulated cardiac tissues of the rat (22, 23) ] i challenge, in guinea pig than in rat cardiac myocytes (39) . It is certainly consistent with the much greater metabolic response to hyponatremic perfusion evinced by rat hearts in the present study.
Perspectives
The vertebrate heart requires a period of relaxation to permit filling. Relaxation occurs when [Ca 2ϩ ] i is reduced from its systolic peak to its diastolic minimum. The principle mechanisms that achieve this are the SR Ca 2ϩ -ATPase and the sarcolemmal Na ϩ /Ca 2ϩ exchanger. The former expends energy directly and at the rate of 1 ATP/2 Ca 2ϩ , the latter indirectly and at twice the metabolic cost: 1 ATP/1 Ca 2ϩ (reflecting the 3:1 and 3:2 ionic stoichiometries of the Na ϩ /Ca 2ϩ exchanger and Na ϩ -K ϩ pump, respectively). Our study demonstrates that, in diastolic guinea pig myocardium, Na ϩ -Ca 2ϩ exchange is thermodynamically favored. This result would appear to confer an energetic disadvantage on the guinea pig, since Ca 2ϩ that leaks from its SR (40) , instead of being resequestered, tends to be extruded from the cell, at twice the metabolic cost. Such diastolic interval-dependent loss of SR Ca 2ϩ explains the phenomenon of positive treppe, characteristic of guinea pig myocardium, in which SR Ca 2ϩ is progressively replenished by transsarcolemmal influx over subsequent beats. In the rat myocardium, by contrast, Na ϩ /Ca 2ϩ exchange is thermodynamically unfavorable, so retention by the SR dominates. Hence, in this species, any prolongation of diastole potentiates the subsequent contraction and negative treppe results. But the price to be paid for the dominance of sequestration is futile cycling of Ca 2ϩ that leaks from the SR. Thus any advantage to the rat of halving the metabolic cost of translocating a calcium ion, by favoring SR uptake over Na ϩ -Ca 2ϩ exchange, is probably nullified by SR leakage. We suggest that the distinctive force-frequency relationships of the rat and guinea pig reflect two distinct thermodynamic strategies for terminating systole while minimizing energy expenditure.
APPENDIX
We commence by defining the "forward" mode of the Na ϩ / Ca 2ϩ exchanger to correspond to extracellular Na ϩ -dependent Ca 2ϩ efflux with the understanding that such a "spontaneous" reaction can occur only when there is a decrement of Gibbs free energy (44) . Then, following Mullins (34) or Fiolet et al. (11) (except for a change of sign), the ⌬G Na/Ca is given by ⌬G Na/Ca ϭ r⌬G Na Ϫ ⌬G Ca (A1)
where, adopting the nomenclature recommended by Blaustein and Lederer (6), r is labeled the "coupling ratio." The molar free energy (⌬G) of each cation in Eq. A1 represents the work required to transport 1 mol of that ion across the cell membrane from outside the cell to inside (i.e., from o to i) in the face of the prevailing concentration gradient and through the electric field arising from the transmembrane potential. These two components of work sum to give 
where ␣ is the permeability of the membrane to Na ϩ relative to that of K ϩ (42). Substitution of Eqs. A2 and A3 into Eq. A1 yields the molar ⌬G Na-Ca According to this formulation, negative values of ⌬G Na-Ca imply spontaneous, extracellular Na ϩ -dependent Ca 2ϩ efflux, from i to o, via the exchanger.
